a Thermal loading effects in flow-through electroporation microfluidic devices have been systematically investigated by using dye-based ratiometric luminescence thermometry. Fluorescence measurements have revealed the crucial role played by both the applied electric field and flow rate on the induced temperature increments at the electroporation sections of the devices. It has been found that Joule heating could raise the intra-channel temperature up to cytotoxic levels (.45 uC) only when conditions of low flow rates and high applied voltages are applied. Nevertheless, when flow rates and electric fields are set to those used in real electroporation experiments we have found that local heating is not larger than a few degrees, i.e. temperature is kept within the safe range (,32 uC). We also provide thermal images of electroporation devices from which the heat affected area can be elucidated. Experimental data have been found to be in excellent agreement with numerical simulations that have also revealed the presence of a non-homogeneous temperature distribution along the electroporation channel whose magnitude is critically dependent on both applied electric field and flow rate. Results included in this work will allow for full control over the electroporation conditions in flow-through microfluidic devices.
Introduction
Electroporation (based on the electric field induced increase in the electrical conductivity and permeability of the cell membrane) is a fundamental technique with numerous applications in both basic biological research and applied biotechnology. It is, indeed, the most widely used method nowadays for delivering impermeant molecules, such as genes and drugs, into living cells. [1] [2] [3] [4] It occurs when the living cell is exposed to an external electric field, making the transmembrane potential exceed a critical threshold value. This leads to the creation of nanoscale pores in the cell membrane, thus making it transiently and reversibly permeable. 5, 6 While electroporation presents a number of advantages compared to other transfection methods such as viral or chemical transfection (high efficiency for primary cells, reduced safety concerns, simple operation, and little cell-type dependency), [7] [8] [9] it has limitations due to the high cost of the equipment required and the small delivery area through the surface of the cell that could result in an overall low transfection efficiency. Traditional cuvette-based electroporators work in batch mode, thus allowing the processing of samples up to a few millilitres. 10 However, electroporation is nowadays attracting much attention thanks to its implementation in microfluidic devices, which require significantly lower applied voltages than those used in conventional electropulsation. [11] [12] [13] [14] Microfluidic devices allow for controlled transfection processes in small cell populations and even at the single cell level, 12, 15 as well as for the processing of larger samples in a continuous manner. 16 The design of new electroporation microfluidic devices allowing for full control over the process is, indeed, challenging. In conventional electroporation techniques and most of the microfluidic devices developed up to this date, short electrical pulses are applied in order to reduce the cellular damage produced by the electric current and consequent excessive heating caused by the Joule effect. 15, 17 The use of timemodulated voltages (and currents) implies a significant increase in both the manufacturing cost and complexity of the electroporation device. Also, the fact that the cells remain static during the process (i.e. with a constant relative orientation of the cell with respect to the electric field) results in the permeabilization of the membrane mostly at the cell poles. 18, 19 However, these limitations can be overcome with flow-through electroporation devices constituted by a microfluidic channel with alternating narrow and wide sections. 20 In these kinds of devices, when a DC voltage is applied along the micro-channel the electric field intensity is spatially modulated, increasing at the narrow sections. Then, when a cell is pushed along the channel crossing the narrow sections the situation is equivalent to the application of a time modulated a Fluorescence Imaging Group, Departamento de Física de Materiales, Facultad de voltage (time modulated electric field). This makes it possible to subject the cells to a sequence of pulses using a conventional DC power supply. Apart from cost reduction (the pulse generators can be replaced by conventional DC sources), this method makes it possible to achieve a more homogeneous permeabilization of the cell membrane, as the cells are not static during electroporation and their relative orientation with respect to the applied electric field is continuously (and randomly) changing. 21 When an electrically conductive medium, such as the buffer required for electroporation, is subject to an electric field, Joule heating occurs due to the non-vanishing resistivity. The magnitude of this heating depends on different parameters such as the electric field strength, the flow rate, channel dimensions and the electric conductivity of the medium. Due to Joule heating, during the electroporation process the local temperature inside the micro-channels could significantly differ from the ''environment'' temperature. 22 Temperature changes during electroporation procedures could strongly affect both the transfection efficiency (properties of the cell membrane are strongly temperature dependent) and the final viability of transfected cells due to the possible thermal activation of cell death processes (such as necrosis or apoptosis). As a consequence, temperature increments occurring during electroporation should be controlled. To do so, it is necessary to get a complete knowledge and understanding about how the intra-channel temperature depends on externally controllable parameters such as applied voltage and flow rate. Such a full knowledge requires performing a systematic study of the dependence of the temperature increase on both parameters during electroporation.
Performing thermal measurements in microfluidic devices is far from being an easy task. Due to their reduced dimensions, it is not possible to accurately determine the temperature inside the micro-channels by conventional techniques, because the properties of the setup would be disturbed. A good way to overcome this problem is to use the so-called Luminescence Thermometry (LTh), which is based on the incorporation inside the intra-channel of fluid luminescent probes, whose emission properties are strongly temperature dependent. 23 The adequate analysis of the intrachannel luminescence would provide remote thermal sensing. There are several examples in the literature on the use of LTh for thermal sensing and imaging of micro-fluidic devices. [24] [25] [26] [27] [28] They involve the use of different luminescent probes such as Quantum Dots and luminescent polymers. Among the different approaches, the use of laser-induced fluorescence of a solution of two dyes as a temperature indicator has been demonstrated to be especially adequate for thermal characterization of micro-fluidic devices. Some organic dyes, such as Rhodamine B, show a luminescence emission with a strong quenching of temperature allowing for thermal reading from simple intensity analysis. The use of these luminescent dyes is not good enough to provide correct temperature data, as any local fluctuations in dye concentration and light intensity will cause changes in the fluorescence signal. Incorporating a reference dye such as Rhodamine 110 (with a temperatureindependent fluorescence, i.e. free from thermal quenching) into the Rhodamine B solution makes it possible to measure the temperature as a function of the ratio of both emission peaks (the so-called ratiometric approach), which is independent of the possible local variations. 29 In addition, this method makes it possible to obtain high-resolution temperature distribution maps in microfluidics systems when used in combination fluorescence microscopes capable of a spatial analysis of the intra-channel luminescence. Although this approach has already been successfully used for thermal imaging of microfluidic devices, 30 it has not been yet applied for the characterisation of flow-through electroporation microfluidic devices. In this work we have performed a systematic investigation of the thermal loading of flow-through electroporation microfluidic devices by ratiometric Luminescence Thermometry by combining confocal and fluorescence microscopy with a calibrated mixed solution of two dyes. The magnitude of the thermal loading taking place during electroporation has been investigated as a function of both the electric field and flow rate. We have also investigated the spatial extension of the electric field induced thermal loading and we report thermal images of the devices under real operating conditions. Our experimental data and thermal images have been compared to results obtained by mathematical modeling of our system.
Experimental

Device fabrication
The electroporation microfluidic devices were fabricated on PDMS using a standard soft lithography method, as described in previous works. 10 Briefly, photomasks were fabricated on 3 in. silicon wafers based on microscale patterns designed with computer-aided software (FreeHand MX). A 5 mm thick layer of prepolymer mixture was poured onto the master and then cured in an oven for 1 h at 80 uC. The baked PDMS replicas were then peeled from the master, punched for inlet and outlet holes, oxidized by plasma treatment and bonded to a pre-cleaned and oxidized glass slide. Finally, the whole device was baked for 40 min at 80 uC so as to increase the bonding strength between the PDMS and glass. Two different kinds of devices were fabricated which are schematically shown in Fig. 1 (a) and 1(b). The present work is focused on the study of the thermal loading in the S-shaped devices ( Fig. 1(a) ) as it has been previously demonstrated that devices with multiple narrow sections yield significantly better results in electroporation experiments. 31 The exact geometry of the device (dimensions of the wide and narrow sections) determines the electric field achieved in its narrow sections (E nw ). This is related to the applied voltage (V) through the following expression:
where L 1 and L 2 are the total lengths of the wide and narrow sections, respectively, and W 1 and W 2 are their respective widths. Our S-shaped devices consist of 5 narrow sections (200 mm long and 53 mm wide each) alternating with wide sections (587 mm in width, with a total length L 1 of 21 mm) and are 67 mm deep. The simpler devices (36 mm in depth) have one single narrow section (1 mm long and 50 mm wide) and two wide sections (5 mm in length and 500 mm in width each).
Temperature measurement
In order to achieve intra-channel thermal sensing, the devices were filled with a solution containing two different fluorescent dyes: Rhodamine B (RhoB) and Rhodamine 110 (Rho110). Both dyes were provided by SigmaTech Inc. and the concentrations in the solution were set to 0.25 mM and 0.05 mM for RhoB and Rho110, respectively. In our experiments we used RhoB as the temperature dependent dye and the Rho110 as the reference dye. These two different roles are evidenced in Fig. 2 (a) that shows the emission spectra of the solution under 488 nm optical excitation, as obtained at two different temperatures. It is clear that temperature increment causes a remarkable luminescence quenching in the RhoB whereas the emitted intensity of Rho110 remains unchanged. Fig. 2(b) shows the ratio between the emission intensities of RhoB and Rho110 as a function of solution temperature. This was calculated by fitting each spectrum to a double Gaussian band and using the height of each Gaussian to determine the ratio. Thermal quenching causes a monotonous decrease in the intensity ratio that can be used to determine the solution temperature with an accuracy of 1 uC (in our experimental conditions). Finally, it is important to note that the aqueous solution containing both dyes also contained KCl (at a concentration of 0.01 M) so that its conductivity was set to 0.14 S m 21 at room temperature, which is the conductivity of the buffer required for electroporation. A continuous flow of the fluorescent dye solution was established through the devices by connecting their inlet end to a syringe pump (NE-1002X Programmable Microfluidics Syringe Pump) via 1/16-inch plastic tubing. To create the electroporation field, platinum wires were placed into the inlet and outlet reservoirs of the devices; and connected to a DC power supply. A micro-ampere meter was used to ensure that adequate electroporation conditions were maintained throughout all our measurements.
A home-made confocal microscope, which is schematically depicted in Fig. 1(c) , was used to obtain the intra-channel luminescence from which the intra-channel temperature is calculated. In order to minimize the influence of environmental temperature in our experiments as well as to improve their thermal stability, the microfluidic device was placed on a Peltier-controlled stage (Linkam PE120) that keeps the temperature of the device constant at 20 uC. A continuous wave diode laser at 488 nm was used as the excitation source. 488 nm radiation was focused into the micro-channel by using a 106 microscope objective with a Numerical Aperture of 0.2, leading to a beam spot close to 7 mm in radius. The intrachannel luminescence generated by the two dyes was collected by using the same microscope objective and, after passing through appropriate filters, was spectrally analysed by a CCD camera attached to a iHR320 Horiba Jobin Yvon spectrometer. The spatial and thermal resolution of this system were estimated to be below 10 mm and 2 uC, respectively.
Finally, a commercial epi-fluorescence microscope was used to obtain two-dimensional thermal images. In this case, a high-voltage mercury lamp was used as an excitation source and an adequate combination of fluorescence filters was used to obtain the spatial variation of the fluorescence intensity generated from both Rho11 and RhoB. In particular, these two images were obtained by using two sets of filters. For 530 nm fluorescence image acquisition we used a set composed of a 450-500 excitation bandpass filter, a 500 nm longpass filter and a 510-550 emission bandpass filter. For 580 nm fluorescence image acquisition we used a set composed of a 525-560 nm excitation bandpass filter, a 575 nm longpass filter and a 580-650 emission bandpass filter. These two fluorescence images were used to determine the spatial variation of the intensity ratio and from it the thermal image was re-constructed by using the calibration curve of Fig. 2(b) . This experimental set-up provided us the possibility of obtaining thermal images with reduced acquisition times although the thermal accuracy was estimated to be 2 uC, i.e. larger than that obtained by using the fluorescence confocal microscope described above. Therefore, the epi-fluorescence microscope was used for the measurement of thermal images and accurate thermal loading was measured by using the confocal fluorescence microscope.
Mathematical modelling
COMSOL Multiphysics 4.2 was used to mathematically study the temperature increase within the microfluidic channels. Two physics modules: Electric Currents (ec) and Conjugated Heat Transfer (nitf) in COMSOL Multiphysics 4.2 were used to mathematically study the temperature increase within the microfluidic channels. A 3D steady-state analysis model was built, and the Navier-Stokes and the continuity equations were coupled with heat transfer equations to solve the problem computationally. The following boundary conditions were applied: (1) specific inlet velocities and no pressure at the outlet; (2) specific terminal current at one electrode and another electrode is set to be ground; (3) room temperature (293.15 K) for initial temperature, inlet fluid and channel bottom; (4) no-slip condition at the walls and (5) incompressible fluid.
Results and discussion
Experimental results
Once the thermal response of our fluorescent dye solution is known (see Fig. 2(b) ) it is now possible to elucidate the intrachannel thermal loading by just recording the luminescence of the solution during electroporation. In a first step, the thermal loading produced at the different narrow sections of the device depicted in Fig. 1(a) was analysed by placing the 488 nm excitation spot in the middle of each narrow section. A continuous flow of the fluorescent solution was established through the device, and for each flow rate the intra-channel fluorescence spectrum was measured for different values of the applied voltage. These measurements allowed us to determine the intra-channel temperature as a function of the applied electric field. Results obtained for three different flow rates are shown in Fig. 3 . As will be discussed later on, no significant differences were observed between the different narrow sections. As can be observed, Joule heating is not negligible in our devices. Indeed, for the lowest flow rate analysed in this work (2.13 mL min 21 ) the current-induced temperature increment neared 23 uC at the largest electroporation field (800 V cm 21 ). This means that, if the device is operated at 20 uC (as in our case), then intra-channel temperature, for these low flow rates, could be as large as 43 uC, thus driving the electroporated cells up to the cytotoxic level.
Despite the large thermal loads found when low flow rates are applied, it should be noted that the magnitude of Joule heating decreases significantly as the flow rate increases. As an example, from Fig. 3 it is clear that when the flow rate is increased up to 53 mL min 21 , the intra-channel thermal loading is reduced down to a few degrees even for the maximum applied voltage. Data included in Fig. 3 correspond to the thermal loading arising in the short constriction of the S-shaped device depicted in Fig. 1(a) . Temperature measurements were done with the confocal setup described in Section 2.2. The strong dependence of the intra-channel thermal loading on the flow rate established in our device is further evidenced in Fig. 4 . It shows both the measured temperature increment for an applied voltage of 145 V (corresponding to an intra-channel electric field of 500 V cm 21 ) and the increment predicted by the mathematical modelling as a function of the flow rate. That electric field value was chosen as it lies in the optimal range for electroporation in these devices 10 and has been demonstrated to yield the best results in terms of transfection efficiency and cell viability. 20 It should be noted at this point that flow-induced heat dissipation has been previously reported in microfluidic devices specially designed for fast temperature control as well as in microfluidic chips designed for electrophysiology. 32, 33 Those works indicated what it is also concluded from data shown in Fig. 4 : flow rate is one of the primary parameters that governs intra-channel thermal loading in microfluidic devices. It can be explained by taking into account the fact that larger flow rates reduce the time in which the fluid is in contact with the heating source (narrow sections in our devices) therefore reducing the heat transfer.
It has been previously determined that, for an optimal transfection efficiency, cells should spend a total time of 1-10 ms in the narrow sections of the channel. 10 The total time in the narrow sections (T 2 ) and the applied flow rate (W) are related through the following expression:
where L 2 represents the total length of the narrow section (1 mm for both our devices), and H corresponds to the depth of the channel. Taking into account their geometrical parameters, the flow rates that should be used for optimal transfection in our S-shaped devices range between 20 and 200 mL min
21
. These values define the ''working range'' of flow rates required for electroporation in these devices, which has been indicated in Fig. 4 . As can be observed, the temperature increase due to Joule heating will be kept well below 10 degrees for all flow rates in the working range. This means that if the device is operated at 20 uC, Joule heating will not drive the cells above the cytotoxic level and, thus, they will be kept within a safe temperature range. At this point it should be noted that the presence of curved sections in the electroporation device very likely leads to the appearance of transverse flows at the narrow (electroporation) sections, due to the so-called ''Dean flow''. 34, 35 This, in turn, could lead to fluid mixing enhanced dissipation. We have also performed the same thermal measurements in the devices depicted in Fig. 1(b) , constituted by a single straight segment. In these devices the possible influence of ''Dean flow'' can be assumed to be negligible when compared to the S-shaped devices due to the absence of curved sections. Results obtained for the straight devices are included in the inset of Fig. 4 as obtained for a fixed applied electric field of 500 V cm 21 at different flow rates. As can be observed, the thermal loading in both devices is quite similar both in magnitude and dependence on the flow rate. So we can conclude from Fig. 4 that, although additional dissipation due to the presence of transverse currents in the curved devices cannot be completely neglected, it seems that their net influence over the final thermal loading at the electroporation sections is negligible. In order to get an estimation of the flow dynamics in our work we have calculated the Reynolds and Dean number. The Reynolds number, R e , is given by:
where L is the most relevant length scale, m is the fluid viscosity, r is the fluid density, and V avg is the average velocity of the flow. In our conditions, we have estimated that the Reynolds number is not larger than 3 even for the highest flow rates used in our work. Turbulent flow is expected for Reynolds numbers above 2000. Therefore, in our experimental conditions, the flow is completely laminar and no turbulences are expected. In addition, the Dean number, D e , is given by:
where again R e is the Reynolds number, r is the radius of curvature and D h is the hydraulic diameter defined as D h = 2wh/w + h, where w and h are the width and height of the channel. In our conditions, and for the maximum flow rate used, the Dean number at the curved sections of the S-shaped devices has been calculated to be close to 1.2. According to previous studies, 37 this can be considered as a ''low value'' so that the presence of transverse currents in S-shaped devices (even at the curved sections) is expected to be negligible. Therefore, transversecurrents-induced heat dissipation at the electroporation sections is expected to be a second order effect. This is, indeed, in agreement with the similar thermal loading observed in S-shaped Fig. 1(a) for an applied electric field of 500 V cm 21 as a function of flow rate. Inset shows the temperature change (with respect to 20 uC) produced at the narrow section of the device depicted in Fig. 1(b) also for an applied electric field of 500 V cm 21 . Circles are experimental data, triangles are simulation data and the dashed line is a guide for the eye.
Results obtained with the confocal setup described in the text.
and straight devices. Results included in Fig. 4 also point out that other differences between both devices (such as the channel height) have a second order effect on the final thermal loading. The total thermal loading experienced by a cell during electroporation does not only depend on the magnitude of the temperature rise at the center of the channel, but also on how homogeneous this temperature rise is along the channel and on how it extends out of it. Indeed, due to heat diffusion through the fluid, it is expected that Joule heating will not only lead to a temperature change inside the narrow sections, but will also affect their surroundings. It is expected that a Heat Affected Zone (HAZ), in which temperature differs from the working temperature of the device, will appear at both sides of each narrow section. In order to determine the extension of the HAZ and the magnitude of the heating along it, thermal images of the narrow sections were obtained with a calibrated fluorescence microscope as explained in Section 2. Fig. 5 shows the thermal images of one of the narrow sections as obtained for an electric field of 500 V cm 21 and for four different flow rates. On a first inspection, it is clear that the thermal contrast decreases with the flow rate, in agreement with the results obtained by using the confocal microscope (see Fig. 3 and 4) . Note that for a flow rate of 21 mL min
(which lies within the working range of these devices) there is virtually no thermal contrast, revealing a negligible thermal loading in these conditions. Further inspection of the thermal images included in Fig. 5 reveals that the temperature rise within the channel is far from being homogeneous. This is evidenced in Fig. 6 , which includes the thermal profile along the middle of the channel and parallel to flow direction (as indicated in the thermal image of Fig. 5(b) ) for a flow rate of 2 mL min 21 . In Fig. 6 the extension of the narrow section is schematically indicated. As can be observed, the temperature rise is highest at the middle of the channel and extends over tens of microns out of it. Indeed, if we define the extension of the HAZ as the distance required for the temperature rise to decrease down to 1/2 of its value at each end of the narrow section, the HAZ extension can be estimated to be close to 75 microns. In microfluidic devices and in the presence of well-localized heating sources, heat dissipation occurs in a distance comparable to the minimum channel dimension, which determines the distance between the heat source and the heat sinks). In our case, the minimum dimension corresponds to the channel height, close to 40 mm, which is of the same order of magnitude as the length of the experimentally determined HAZ.
The extension of the HAZ has been found to be much smaller than the actual distance between two consecutive narrow sections (i.e. between two consecutive heat sources). This fact suggests that there is no heat accumulation between consecutive narrow sections. In order to confirm it, the temperature rise was measured in sections 1, 3 and 5 of the device as labelled in Fig. 7(a) . For that purpose we established a flow rate of 21 mL min 21 and applied a voltage of 145 V, thus creating a 500 V cm 21 electric field in the narrow sections of the channel. Fig. 7(b) shows the fluorescence spectra obtained for sections 1 and 5.
As can be observed, the ratio between the emitted intensities generated from both dyes is, within the experimental error, equal in both cases. This indicates that the temperature rise is almost identical for both channels, revealing the absence of any heat accumulation effect. This is further supported by the data included in Fig. 7(c) that shows the temperature rise produced in sections 1, 3 and 5 (first, middle and last sections). As can be observed the temperature rise is the same for all three of them (within the experimental error). As already stated, these results indicate that the temperature rise induced at narrow sections completely vanishes between consecutive sections, in accordance with the thermal images of Fig. 5 and the thermal profile of Fig. 6 revealing complete thermal relaxation within a few tens of microns.
Mathematical modelling results
The experimental results included in Section 3.1 have been compared with theoretical predictions obtained from the COMSOL modelling. Results included in Fig. 8 show the temperature increment distributions in a narrow section of the device depicted in Fig. 1(a) for different flow rates. These images have been obtained assuming the same experimental conditions as those used to obtain the thermal images included in Fig. 5 . As can be observed, when comparing Fig. 5 and 8 , it is clearly seen that our simulations and the experimentally obtained thermal images are in good agreement in terms of both the magnitude and spatial extension of the current induced thermal loading. Furthermore, simulations also reproduced the experimentally observed reduction in the thermal loading associated with the increase in the flow rate. Both simulated and experimentally obtained thermal images obtained for the largest flow rate (21 mL min 21 ) reveal a negligible thermal loading. Despite the good agreement observed between experimental data included in Fig. 5 and simulations of Fig. 8 , experiments and simulations differ for intermediate flow rates (4 mL min 21 ). At this point the origin of the discrepancies between the experimentally observed thermal images and those simulated for the largest flow rates is unclear, although it can be due to different causes including electrokinetic phenomena. 38 As discussed in Section 3.1, other effects such as the presence of turbulences or Dean-flowinduced mixing effects can be discarded due to both the low Dean and Reynolds numbers. From the thermal images obtained from the mathematical modelling under different conditions, we predicted the maximum temperature increment at the narrow sections of the electroporation channel for an electrical field of 500 V cm 21 as a function of the flow rate. Results obtained from our simulations are included in Fig. 4 together with the experimental data. A remarkable agreement between simulations and experimental measurements has been obtained, revealing the critical role of flow rate in heat dissipation, as discussed in Section 3.1. Finally, we have also simulated the temperature increment induced in the different electroporation channels of the electroporation device depicted in Fig. 7(a) under an applied electric field of 500 V cm 21 for a flow rate of 21 ml min 21 . It can be observed that the modelling reveals only slight differences in the thermal loading of the different channels as we did observe in our experimental measurements. Again this reveals that complete thermal dissipation occurs between two consecutive electroporation channels, thus discarding the presence of inter-channel heat accumulation effects. In summary, an excellent agreement between experimental data and numerical simulations has been found, revealing the accuracy and correctness of our measurements.
Conclusions
In summary, dye based ratiometric luminescence thermometry has been applied to determine the magnitude and spatial extension of Joule induced thermal effects in flow-through electroporation microfluidic devices. We have found that the temperature rise induced in the electroporation sections is strongly dependent on both the flow rate established to control electroporation time as well as on the electroporation electric field. For low flow rates and large electric fields the Joule induced temperature rise could drive cells up to cytotoxic temperatures (43 uC). Nevertheless, for flow rates and electric fields typically required for flow-through electroporation experiments, the induced temperature rises are low enough to keep cells well below the cytotoxic thermal range. In order to determine the total thermal loading of cells during flowthrough electroporation we have also determined the extension of the heat affected zone, being of the order of a few tens of microns. Experimental results have been found to be in excellent agreement with COMSOL based numerical simulations that well reproduced the critical effect that both flow rate and applied electrical field have on the final thermal loading on the electroporation channel.
This work provides essential information for future estimation of the magnitude and extension of the thermal effects in electroporation microfluidic devices. The exact knowledge of the Joule induced thermal loading will also be essential for the complete understanding of the origin of the possible cellular toxicity effects observed after electroporation since it would make it possible to determine the relative contribution of hyperthermic effects.
